The TOKYO model is a laboratory model and the TSUKUBA model is an air-borne model of GOSAT TANSO-FTS. The TOKYO model is devolved to demonstrate the application of the Fourier transform spectrometer to the satellite remote sensing of short wave spectral region and as well as the feasibility of the CO 2 and CH 4 column-density on the ground. The TSUKUBA model is manufactured for the air-borne experiment. This paper presents the objectives, design, and performance test results of these models.
Introduction
Carbon dioxide (CO 2 ) and methane (CH 4 ) are two major greenhouse gases (GHG) in the earth's atmosphere. The satellite observation is a very comprehensive method for the GHG monitoring.
The Scanning Imaging Absorption spectroMeter for Atmospheric CHartographY (SCIAMACHY), which was launched in 2002 on board the Environmental Satellite (ENVISAT), is the first instrument to retrieve the CO 2 and CH 4 column-density from space. (Buchwitz et al., Berkley et al.) 1, 2) However, its spectral and spatial resolutions are not high enough for accurate retrieval. The Greenhouse gases Observing SATellite (GOSAT) has been developed to monitor CO 2 and CH 4 globally and accurately from space. There are two instruments on GOSAT.
3)
The Thermal And Near infrared Sensor for carbon Observation-Fourier Transform Spectrometer (TANSO-FTS) detects the Short wave infrared (SWIR) reflected on the earth's surface as well as the thermal infrared (TIR) radiated from the ground and the atmosphere. TANSO-FTS is capable of detecting wide spectral coverage, specifically, three narrow bands (0.76, 1.6, and 2 μm) and a wide band (5.5-14.3 μm) with 0.2 cm -1 spectral resolution (interval). TANSO-Cloud and Aerosol Imager (TANSO-CAI) is a radiometer of ultraviolet (UV), visible, and SWIR to detect and correct cloud-and-aerosol interference. As TANSO-FTS is the first SWIR FTS satellite-remote-sensing application with moderate spectral resolution, prior to the flight model development, the laboratory model of TANSO-FTS SWIR is manufactured to demonstrate the performance. In addition, as TANSO-FTS measures both the light reflected on the earth surface and the scattered light from the earth atmosphere, the airplane observation to demonstrate the detection and correction of the scattered light from cloud-and-aerosol is important and an air-bone model has been developed. This paper describes the two precursor experiments for TANSO-FTS on GOSAT. The TOKYO model is the laboratory model of GOSAT TANSO-FTS. It is devolved to demonstrate the application of the Fourier transform spectrometer to the satellite-remote-sensing of short wave spectral region and select the optimized observation parameters such as spectral resolution, observation time, and instantaneous-field-of-view. It will also demonstrate the feasibility of the CO 2 and CH 4 column-density on the ground. The TSUKUBA model is an air-borne model, which has the same FTS mechanics as TANSO-FTS.
The following shows objectives, design, and performance-test-results regarding these models as well as observation campaigns.
TOKYO Model (Laboratory Model)

Objectives
The TOKYO model has been developed in order to demonstrate the instrument performance and provides the spectra data on the ground for testing column-density retrieval. As TANSO-FTS has a wide spectral range from 0.76 to 15 μm, the beam splitter material has to be carefully selected and demonstrated. Also as TANSO-FTS has more than 5 years mission life, long life laser, which is used for the interferogram sampling, should be selected. Table 1 shows the specification of the TOKYO model. It covers the same spectral bands as TANSO-FTS-SWIR as illustrated in Fig. 1 . The aperture size of the FTS optics is 50 mm, which is slightly smaller than TANSO-FTS. The model has the function to change the scan speed and spectral resolution to find the optimized combination of the GOSAT TANSO-FTS observation parameters. Fig. 2 and Fig. 3 show the optical layout and its photo, respectively. The scene flux is divided into two portions; one is for the FTS optics and the other is for the monitor camera, which identifies the field-of-view of FTS. The beam splitter material of FTS is the Zinc Selenium (ZnSe) without surface coating, which has the flat spectral refraction-of-index over the wide spectral range and extremely high surface quality.
Design
Two cube-corners have gold coated surfaces. Therefore the FTS has high modulation efficiency. The main flux is introduced to the Fourier spectrometer and then modulated light is divided into three spectral bands with two dichroic beam splitters. The two kinds of lasers were compared as sampling for the TOKYO model: HeNe laser and 1.31 μm diode-laser. HeNe laser has very high wavelength stability and diode-laser has long lifetime. Proper temperature control of the 1.31 μm the diode-laser enables wavelength stability enough for the GOSAT TANSO application.
The three interferograms are acquired simultaneously by amplifying and filtering the signal and covering with 16 bit AD converter. The PC Fourier -transforms the interferograms while displaying the 3 interferograms and 3 spectra at the same time. The monitor camera data is also displayed and saved in the PC. 
Performance test
In the laboratory, with the blackbody light source, Ar lamp, tunable diode-laser, polarizer, and gas cell, key performances such as SNR, spectral resolution, and polarization sensitivity, were tested. The modulation efficiency at short wave infrared region is the key parameter for the SWIR FTS. The measured modulation efficiencies are 48% at 0.76 μm, 77% at 1.6 μm and 82 % at 2 μm.
Micro-vibration test
FTS is sensitive to the micro-vibration from the airplane, which might create the ghost side-lobe spectra.
The delay-mismatch between the sampling laser fringe and scene flux signal might enlarge the ghost side-lobe. The TOKYO model controller can tune such delay-mismatch by changing the trigger timing of the sampling laser, thus the timing was optimized by confirming the side-lobe level under the micro-vibration condition. Fig. 4 shows the micro-vibration test configuration. A small shaker introduces both sinusoidal and random vibration. At the resonant frequency of the FTS scan-arm, the side-lobe level is maximized. 
Demonstration of the column CO 2 and CH 4 retrieval
The direct solar spectra and scattered light on the earth's surface on the ground were acquired. The TOKYO model was also flown on the low altitude airplane and airship together with the instruments for the in-situ CO 2 
TSUKUBA Model (Airplane Model)
Objectives
To monitor GHGs, it is essential to measure the troposphere where the greenhouse effect occurs. The nadir-looking measurement is the only feasible way to measure the flux that passes through the lower troposphere. However, it is more difficult to measure the troposphere from space than the stratosphere because the satellite measures both reflected light on the earth surface and the scattered light by the cloud-and-aerosol as illustrated in Fig. 6 . The objectives of the TSUKUBA model are to provide the data of the both surface reflected and scattered light from the high altitude and to demonstrate the detection and correction of thin cloud (cirrus cloud) and aerosol.
The other objective is to demonstrate the possibility to detect CH 4 leakage from the pipe-line from space. Early detection of the leakage from the pipe-lines from the GOSAT orbit, which has 3 days revisit cycle, is one of the new applications of the satellite data. The TSUKUBA model is funded by Ministry of the Environment. Greenhouse Gases Fig. 6 The radiative transfer of the SWIR spectral region.
Optical Design
The TSUKUBA model consists of the three boxes as shown in Fig. 7 : the optics, controller, and power supply. Three FTS mechanics have been developed: one is for the TSUKUBA model and the other two are for the TANSO-FTS engineering and proto-flight models.
They have the same structure, motors and aperture size. The optics is vertically mounted on the optical bench made of numerically machined aluminum monolithic-cube. The optics are mounted on the both sides to minimize the size and weight for the airplane observation.
On the one side, the fore optics, FTS mechanism, and collecting optics are mounted and on the other side, the aft-optics, detectors, amplifiers, AD converters, and the monitor camera, which identifies the FTS field-of-view, are mounted (see Fig. 8 to 10 ). Table 2 and  Table 3 show the specification of the TSUKUBA model and the spectral coverage, respectively. 
Design for the airplane observation
As the relative speed to the ground footprint of the airplane is faster than the satellite observation, the TSUKUBA model electronics parameters are optimized for the 1 sec/interferogram scan. On the other hand, the TANSO FTS electronics is optimized for 4 sec/interferogram speed. The structure of the TSUKUBA model optics is hermetically sealed except for the port. To avoid the water condensation on the optical surface after the cold environment at the high altitude, the molecular sieve is installed on the port (see the Fig. 8 ). The power supply can be connected to the 28 V DC provided from the airplane. The FTS mechanics and the related optics are temperature controlled with the thermo electric heater (and cooler). The data acquisition computer has the solid-state memories, which can operate under the low pressure condition.
Polarization measurements
As illustrated in Fig. 11 , the scene flux is highly polarized due to the Mie scattering of clouds-and-aerosols. As the non-coated ZnSe material is used for the beam splitter and the incident angle of the beam splitter is 45 degree, FTS also has high polarization sensitivity. Therefore the polarization measurements are important and both P-and-S responses have to be carefully characterized. Fig. 12 shows the aft-optics, which consist of the 2 dichroic filters and three polarization beam-splitters. We can select the scalar (no polarization) and vector (polarization) observations by switching the polarization beam-splitters manually. Fig. 13 shows the mechanical structure of the aft-optics and there are three polarization beam splitters in the lower portion. The housing of the polarization beam-splitters can be lifted. The polarization of the scene flux is acquired by measuring P-and-S linear polarization, simultaneously.
The data acquisition PC can display the 6 interferograms and 6 spectra 
Performance test in the laboratory (1) Modulation Efficiency (ME)
The measured modulation efficiencies (ME) of the band 1, 2, and 3 are 70, 85, and 88%, respectively. As the optical surface quality of the beam splitter and the cube-corners was well manufactured and screened, the modulation efficiency at 0.76 μm has much improved compared with the TOKYO model.
(2) Instrument Line Shape Function (ILSF)
The Instrument Line Shape Function (ILSF) represents the spectral resolution and optical alignment. 
(3) Signal to nose ratio (SNR)
The signal to noise ratio (SNR) is measured by introducing the light from the blackbody furnace. The temperature of the furnace is set to have the equivalent spectral radiance of the scattered solar light.
In case of the 30 % surface-albedo-equivalent input radiance, the measured SNR of the band 1, 2, and 3 are 190, 148, and 165, for the 1 sec/interferogram scan speed, respectively (scalar measurement).
(4) Micro-vibration test
The TSUKUBA model has the function of tuning the delay-mismatch, which is the same as the TOKYO model. The micro-vibration test is performed to confirm that the damper of the TSUKBA model properly absorbs the vibration from the airplane and the trigger timing of the laser sampling is properly tuned. Fig. 15 shows the test configuration. The TSUKUBA model is mounted on the damper and large shaker. The test scene flux from the integrating sphere illuminated by the monochromatic light source (Ar lamps) is introduced. No significant side-lobe was detected. The first one acquired the data over cirrus clouds and aerosol layers in Adelaide, Australia in March and April. The TSUKUBA model is installed on the bottom of the Egrett airplane, which can fly over the cirrus clouds with the damper and the image motion compensator, as shown in Fig. 16 . Also, in August, in Siberia, the TSUKUBA model flew over the various surfaces; river, lake, forest, city, bare soil, grass, and wet land. NIES is now analyzing these data. 
Future Plans
Carbon Monoxide
Carbon monoxide (CO) is a trace gas correlated with the delta CO 2 (CO 2 emission). The CO measurement from space will help the understanding of the combustion mechanism. CO has the absorption band without interference of the other gases at 2.3 μm. The customized InGaAs detector, which has optimized detectivity for 2.3 μm, was developed and installed into the TOKYO model aft-optics. The CO retrieval on the ground will be demonstrated.
High altitude plane
The high altitude airplane observation of the TSUKUBA model will provide the important calibration and validation data for TANSO after the GOSAT launch. The operation software of the TSUKUBA model was modified for unmanned operation (automatically start-up, data acquisition etc.).
Conclusion
The two precursor models of TANSO-FTS have been successfully developed.
The TOKYO model has demonstrated high modulation efficiency in the short wavelength region and provided the data to retrieve the CO 2 and CH 4 column-density with high accuracy.
The TSUKUBA model has the same FTS mechanics as TANSO-FTS on GOSAT. It has presented the expected onboard performance of TANSO-FTS and the robustness under the wide temperature range. It also provided the high altitude airplane observation data with cloud-and-aerosol scattering effect.
